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Interaction of Sodium Dodecyl Sulfate with
Poly(ethyleneimine) in Bulk Solution and at the
Air-Solution Interface
Aylin S¸akar-Deliormanlı
Izmir Institute of Technology, Chemical Engineering Department, Urla, Izmir, Turkey
Interaction of sodium dodecyl sulfate (SDS) with the cationic polyelectrolyte poly(ethyleneimine)
(PEI) was investigated in this study. Turbidity measurements were performed in order to analyze
the interaction and complex formation in bulk solution as a function of polymer concentration
and pH. Surface tension measurements were made to investigate the properties of SDS/PEI/
water mixtures at air/solution interface. Results revealed that SDS/PEI complexes form in
solution depending on the surfactant and polymer concentration. A decrease was observed in
surface tension values in the presence of SDS/PEI mixtures compared to the values of pure
SDS solutions. Both solution and interfacial properties exhibited pH dependent behavior. A shift
was seen in the critical micelle concentration of SDS solutions as a function of PEI concentration
and solution pH. Monovalent and divalent salt additions showed some influence on the interfacial
properties of SDS solutions in the presence of PEI.
Keywords Micelles, poly (ethyleneimine), sodium dodecyl sulfate, surface tension, surfactant=
polyelectrolyte mixtures
1. INTRODUCTION
Investigation of the interaction between the surfactants
and polymers in aqueous environment is crucial for many
applications such as detergents, paints, pharmaceutical,
drug delivery, mineral processing, and other chemical
industries.[1–3] Therefore, properties of mixtures of surfac-
tants and oppositely charged polymers in aqueous
solutions gained much interest in scientific field in recent
years and intensive effort has been made to characterize
the nature of these interactions.[4–8]
In the absence of polymers, surfactant molecules aggre-
gate in aqueous solutions to form micelles at concentra-
tions beyond a critical micelle concentration.[9,10] When
water soluble polymers are added to the surfactant
solutions, they may modify the free energy contributions
during the surfactant micellization.[1] In this situation,
single dispersed polymer molecules, intermolecular com-
plexes between the polymer and surfactant, single dispersed
surfactant molecules, and polymer free surfactant aggre-
gates may exist in solution.[9,10] Ionic polymers having
similar charge with the surfactant molecules show moderate
effect however, polymers having an opposite charge may
cause more important effects in surfactant solutions.[1,11]
Among the branched polymers, polyethyleneimine (PEI)
is of special interest because it is widely used as dispersion
stabilizer, flocculation agent, adhesive, and in gene delivery
therapy.[12,13] Similarly, SDS is an anionic surfactant that is
commonly used in mineral processing, flotation, and man-
ufacturing many chemical products.[14–17] The interactions
between PEI and SDS have been investigated in the past.[13]
Windsor et al. studied the adsorption of SDS in the
presence of PEI.[18] More recently, Penfold et al. reported
the effect of pH and polyelectrolyte architecture on the
adsorption behavior of SDS=PEI mixtures at the air-
solution interface using surface tension and neutron reflec-
tivity. Results of the study revealed that there is strong
hydrophobic interaction between the SDS and PEI in
addition to the electrostatic interactions.[19]
Zakharova et al. studied on the self-organization and
catalytic activity of SDS=PEI=water system. They found
that hydrophobic interactions contribute substantially to
the formation of SDS=PEI complexes.[20] Dedinaite et al.
reported the effect of SDS on the properties of adsorbed
layers of PEI. According to their study interfacial associa-
tion between PEI and SDS is different from that observed
for other cationic polyelectrolyte-surfactant complexes.[12]
The impact of electrolyte on the adsorption of SDS=PEI
complexes at air-solution interface has been investigated
by Penfold and coworkers.[21] The addition of NaCl is
shown to have a significant effect on the adsorption of these
complexes. Similarly, the binding isotherm of SDS on a PEI
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was determined by an equilibrium dialysis method by
Meszaros et al.[4] In the study, dynamic light scattering
(DLS), electrophoretic mobility, and coagulation kinetics
measurements were performed in order to monitor the
changes in the charge and the size of SDS=PEI complexes.
Although there is extensive research in literature on the
interfacial properties and adsorption behavior of ionic
polyelectrolyte and oppositely charged surfactant mixtures
more profound understanding in necessary. Especially
SDS=PEI=water system should be investigated in detail
to explain the mechanisms underlying complex formation
and surface properties. In this study solution and surface
behavior of aqueous SDS=PEI mixtures has been investi-
gated using surface tension and turbidity measurements.
Effect of pH and addition of electrolyte on the bulk and
interfacial properties were studied.
2. EXPERIMENTAL
2.1. Materials
SDS, NaOSO3C12H25 (>98%; MW: 288,4 g=mol) was
obtained from Aldrich Chemical Company (USA). Catio-
nic polyelectrolyte poly(ethyleneimine) PEI (MW 2000 g=
mol) was supplied (Polysciences, Inc., USA) as a concen-
trated liquid (99%), which was diluted with deionized water
to form a concentrated aqueous solution. Figures 1a and 1b
show the chemical structure of sodium dodecyl sulfate and
poly(ethyleneimine) used in the study. Poly(ethyleneimine)
is a highly branched polyamine that contains primary,
secondary, and tertiary amine groups in a 1:2:1 ratio.[18]
During the experiments all pH adjustments were made
using certified 1.0M solutions of KOH and HNO3 (Fisher
Scientific, USA). Stock solutions of 1.0M Sodium chloride
(Fisher Scientific), and 1.0M Calcium chloride (Fisher
Scientific) were prepared with deionized water and these
solutions were utilized through the experiments. Nano pure
water having conductivity of 16.4 (X  cm)1 was used for all
experiments.
2.2. Method
2.2.1. Solution Preparation
SDS=PEI mixtures were prepared by adding specified
amount PEI solution to the SDS solutions in the range
of 107M to 5 102M. Final PEI concentration in the
surfactant=polymer mixture was between 20 ppm and
2000 ppm. Solution mixtures were stirred for 5 minutes
using a magnetic stirrer at room temperature then rest
for 1 minute prior to the measurements.
2.2.2. Characterizations
Interfacial properties of SDS=PEI=water mixtures was
investigated using a tensiometer (Kruss-Digital K 10ST,
Hamburg, Germany) employing De Nouy ring method.
The measurements were performed at 25C and the
platinum ring was flamed until it glowed red before each
measurement to avoid organic contamination. Repeated
measurements were made until equilibrium was reached.
Bulk properties of SDS=PEI aqueous solutions were
studied using a turbidimeter (WTW555, Germany). The
turbidimeter used in the study measures the light scattered
at an angle to the incident light beam and then relate this
angle scattered light to the samples turbidity. It measures
90 scatter and is called nephelometric turbidimeter.
Turbidity measured in this way is stated in nephelometric
turbidity units (NTU).[24] Measurements were performed
using nephelometric ratio method and results were
recorded in terms of NTU with 2 of value or 0.01
NTU accuracy.
3. RESULTS AND DISCUSSION
3.1. Bulk Properties of SDS/PEI Solution Mixtures
The standard method for determining the charge on a
polymer as a function of pH is to titrate the polymer using
acid or base, and record the pH. Titration data may be
transformed to the Henderson–Hasselbach equation
suitable for polyelectrolytes:[25]
logKi ¼ logK0i þ ðn 1Þ log

1 a
a

½1
where logKi is the effective protonation constant of
the polymer, logK0i is the protonation of the completely
unionized polymer, and a is the degree of protonation. n
is a parameter that accounts for neighboring group effects
in the protonation process.
Potentiometric titrations were performed in order to
investigate the fraction of ionized sites in PEI as a function
of pH in a previous study.[26] Accordingly, PEI is fully
charged at about pH 2 (see Figure 2) and at pH 6 it
FIG. 1. Chemical structure of the (a) SDS (from ref. 22), (b) PEI (from
ref. 23).
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is positively charged with approximately 50% of the amine
groups are protonated.
In the study to get an idea on the association between
PEI and SDS in bulk solution the turbidity of single surfac-
tant and polyelectrolyte-surfactant mixtures were measured
as a function of SDS and PEI concentration. Figure 3
shows the turbidity values of the SDS solutions as a func-
tion of surfactant concentration in the absence of PEI.
According to the figure starting from the CMC the turbid-
ity of pure SDS solutions rises sharply followed by a
decrease at higher surfactant concentrations. Similarly,
Bayrak[27] reported that starting at the CMC, the solution’s
light-scattering ability (turbidity) rises sharply. These facts
indicate that above the CMC a substantial portion of the
solute ions are aggregated to form units of colloidal size
called micelles. Dilution of the solution below the CMC
eliminates the micelles, and so micelle formation is reversi-
ble.[27] It was interesting to observe that by the addition of
PEI to the SDS solution having highest turbidity value (at
6 103M) a gradual decrease started in turbidity values.
At very high PEI concentrations the SDS solutions were
nearly transparent. However, this was only valid for the
SDS solutions in the range of 4 103M to 8 103M
(see Figure 4). The decrease in turbidity values may be
attributed to the change in the charge of SDS solutions
by the PEI addition. It is known that turbidity measure-
ments in dilute polymer solutions coincides closely with
the point of zero mobility. The dispersed aggregates are
stable when their net charge is high but they flocculate or
sediment when their charge is low.[28]
Figure 5 shows the effect of surfactant and polyelectro-
lyte concentration on the turbidity of SDS=PEI mixtures.
FIG. 2. The ionization degree of PEI solution as a function of pH.[26]
FIG. 3. The turbidity of pure SDS solutions as a function of
surfactant concentration.
FIG. 4. Effect of PEI concentration on the turbidity of SDS=PEI solu-
tion mixtures, SDS at 6 103M. Insert plot- Effect of pH on the turbid-
ity of SDS=PEI solution mixture, SDS 6 103M and PEI 400 ppm.
FIG. 5. Turbidity values of SDS=PEI mixtures as a function SDS and
PEI concentration.
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The solution becomes turbid in an SDS solution (starting
from 2 104M SDS concentration) in the presence of
PEI. Additionally, precipitates form if the concentration
of SDS is higher than a critical concentration. The appear-
ance of precipitation can be explained by charge neutraliza-
tion.[4] It is also known that when a surfactant is added to a
polyelectrolyte solution the surfactant forms aggregates
adsorbed to the polymer chains above a critical surfactant
concentration.[29] At this critical association concentration
combined aggregation of surfactant and polymer molecules
form in solution. In the case of long polymers the chains
undergo globalization with inclusion of surfactant aggre-
gates. The formation of these complex structures continues
up to a saturation concentration. Above this concentration
micelles unbound to the polymer formed in solution with
the surfactant=polymer complexes.[20]
Results of the current work also showed that PEI con-
centration is greatly influence the precipitate formation
because at very high PEI concentrations rod like precipitate
formation initiated. Therefore, it is possible to conclude
that the system can be described as thermodynamically
stable solution of the solvated SDS=PEI complex molecules
at low surfactant concentrations. Above a critical surfac-
tant concentration the system becomes unstable colloidal
dispersions of collapsed SDS=PEI particles and this results
in precipitation. Although it is not shown in Figure 5, at
higher surfactant concentrations the surfactant adsorption
may takes place onto the PEI surface, and dispersion
of SDS=PEI particles may occur due to electrostatic
stabilization.[30] Figure 6 shows schematically the possible
interaction mechanism between the SDS and PEI in bulk
and at the interface at high surfactant concentrations.
The formation of three dimensional structures in
aqueous solutions can be attributed to the electrostatic=
hydrophobic interactions or combination of a polymer
backbone and electrostatic interactions.[31] Bastardo et al.
performed small-angle neutron scattering measurements
in solutions containing highly charged PEI at low pH
and low SDS concentrations. Results indicated the
presence of disk shape aggregates. The aggregates change
to a more complex three-dimensional structure with
increasing surfactant concentration.[32] Similarly, in the
current study three dimensional structures were observed
at a SDS concentration starting from 4 103M in the
presence of PEI (400 ppm) at pH 9.
The rate of precipitation is also dependent on the
method of solution preparation. Mezei et al.[30] investigated
the effect of mixing on the complex formation in PEI=SDS
system. It was found that at large excess of surfactant
colloidal dispersions of PEI=SDS particles forms via extre-
mely rapid mixing of the components. However, applica-
tions of less efficient mixing may result in large clusters
of the PEI=SDS particles. For aqueous mixture of SDS
and cationic polyelectrolyes the state of the system was
also found to depend on the order of addition of the
components.[4]
In the current study effect of different mixing protocols
on the complex formation between SDS and PEI was not
investigated. However, during solution preparation step
specified amount of PEI was added to the SDS solution
and efficient mixing was applied for 5 minutes. But it is
clear that based on the previous studies the solution pre-
paration method followed in this study may have some
influence on the bulk properties and complex formation
behavior between SDS and PEI. On the other hand, forma-
tion of transparent solution mixtures at large surfactant
concentrations and at high pH values implies that the
mixing protocol applied in this study is suitable to prepare
SDS=PEI solution mixtures.
3.1.1. Effect of pH on the Bulk Properties
Figure 7 gives the effect of solution pH on the bulk
properties of SDS solutions in the presence of PEI
(400 ppm). It is possible to analyze the graph by dividing
three regions depending on the complexation behavior. In
region A, a gradual increase was observed in turbidity
values depending on the SDS concentration at all pH
values. Turbidity was slightly lower at pH 10 (which is
FIG. 6. Schematic representation of the interaction between the PEI
and SDS at high surfactant concentration.
FIG. 7. Influence of pH on the turbidity of SDS=PEI solution
mixtures as a function of SDS concentration, PEI concentration 400 ppm.
26 A. S¸AKAR-DELIORMANLI
the natural pH value for most of the solution mixtures)
compared to other pH values. In region B, precipitation
starts (103M SDS and pH 9). It was observed that the
structure of the precipitates depended on the surfactant
concentration as well as the solution pH. In this region
slight decrease in turbidity values were obtained due to
precipitate formation and sedimentation. Precipitation
was more pronounced at pH 6 and pH 3, therefore, a
further decrease was observed in turbidity values at this
pH range. However, precipitation was not observed in
SDS=PEI solutions at higher SDS concentration (SDS,
6 103M>CMC) at all pH values. The effect of pH on
the turbidity of SDS solution at 8 103M is shown in
Figure 4 (inset plot). Again, any precipitate formation
was not observed at this concentration and an increase
was observed in turbidity values as the pH decreased.
The behavior of SDS=PEI mixtures at very high surfactant
concentrations can be interpreted by the resolubilization
due to repulsive micellar interaction.[4]
Bastardo et al.[32] reported that a decrease in pH results
in a strong association between PEI and SDS. The initial
binding of SDS at pH 4.9 does not result in any changes
in the polyelectrolyte conformation. As the surfactant asso-
ciation proceeds three-dimensional aggregates, involving
several polyelectrolyte chains and SDS, can be formed.[32]
In the current study SDS=PEI complexation at high pH
is driven by the cooperative interaction of the surfactant
via uncharged nitrogen atoms of the amine groups.[33,4]
Additionally, hydrophobic interactions is the mechanism
that dominates SDS=PEI interaction at high pH.[4,34]
3.2. Interfacial Properties of SDS/PEI Solutions
Figure 8 demonstrates the surface tension values of pure
SDS solutions as a function of surfactant concentration.
Results revealed that at high SDS concentrations the
surface tension values were low and this is related with the
higher surface activity. According to the Figure 8 critical
micelle concentration (CMC) of SDS is about 4 103M
which is consistent with the literature values. The surface
tension values of SDS solutions in the presence of PEI is
given in Figure 9 as a function of surfactant and polyelectro-
lyte concentrations. Figure 9 shows that the surface tension
values of SDS=PEI mixtures is much lower than the values
of the pure SDS solutions. This is called synergistic effect
and can be attributed to the strong Coulombic interactions
between polyelectrolyte and oppositely charged surfactant
head groups. This effect can be observed at low surfactant
concentrations where pure surfactant alone does not adsorb
at the surface.[5,10] Furthermore, strong surface complexa-
tion can be inferred from the suppression of the surface
tensions at low surfactant concentrations.[35] Results also
showed that there is shift in CMC values of the mixtures
depending on the PEI concentration. The change in CMC
FIG. 8. Surface tension of pure SDS solutions as a function of
concentration.
FIG. 9. Effect of PEI concentration on the surface tension of
SDS=PEI solution mixtures (a) PEI concentration between 1 ppm and
100ppm and (b) PEI concentration between 200 and 2000 ppm.
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was not so high for the polymer=surfactant mixtures con-
taining high amount of PEI. At a PEI concentration of
20 ppm there is evidence of a peak in the surface tension
curve at about 103M. According to the Figure 9, the
CMC of the mixture is lower than 104M for PEI concen-
trations up to 100ppm. Above this PEI concentration a shift
in CMC was observed to higher concentrations (>104M).
Zakharova et al. reported that the polymer-surfactant com-
plexes in solutions exhibits surfactant properties so that even
at low surfactant concentrations the surface tension at the
liquid-air interface decreases sharply.[20] Therefore, surface
tension values of solutions containing SDS=PEI mixtures
become lower compared to SDS solution without PEI.
Above the CMC of the surfactant the surface tension of
SDS=PEI mixtures increases but remains lower than that
for a miceller surfactant solution. This may be attributed
to the desorption of some SDS ions unbound to PEI from
interface to the bulk solution.[20]
The strength of interactions between two surfactants
in mixed systems can be determined by calculating the
interaction parameter using the CMC’s obtained from the
surface tension to log concentration plots of aqueous
solutions of individual surfactants and their mixtures.[36]
The molecular interaction parameter for the mixed
surfactant-polyelectrolyte system can be calculated using
the following equation based on the regular solution theory
derived by Rubingh:[10,36]
ðXM1 Þ2 ln½a  CM12=XM1 CM1 
ð1XM1 Þ2 ln½ð1 aÞCM12=ð1XM1 ÞCM2 
¼ 1 ½2
bM ¼ lnðaC
M
12=X
M
1 C
M
1 Þ
ð1XM1 Þ2
½3
where CM1 ;C
M
2 ;C
M
12 are the CMC of surfactant 1 and
polyelectrolyte 2 and their mixtures, respectively. XM1 mole
fraction of the surfactant 1 in the total surfactant in the
mixed micelle, a is the mole fraction of surfactant 1 in
the total surfactant in the solution phase. bM is a parameter
measures the nature and extent of interaction between the
surfactant and polymer molecules in the mixed micelle
solution. Based on Equation (3), interaction parameter
for the SDS=PEI system was calculated to be 3.21. The
synergism is present when the CMC in aqueous medium
of any surfactant mixture is smaller than that of single
surfactant. For the synergism in a surfactant mixture the
interaction parameter must be negative.[10]
3.2.1. Effect of pH on the Interfacial Properties
Effect of pH on the surface tension of SDS=PEI solution
mixtures is presented in Figure 10. A shift was observed in
CMC of mixtures at low PEI concentrations (20 ppm).
According to Figure 10a, as the pH decreases CMC values
shift to higher concentrations (8 103M for pH 3 and
8 104M for pH 7). On the other hand, the effect of
pH on the surface tension of solutions containing high
PEI concentration is not the same (see Figure 9b). Addi-
tionally, surface tension values are higher at pH 3 com-
pared to the other pH values and this is valid for
suspensions having both low and high PEI concentration.
The difference between the surface tension values of
SDS=PEI solutions is more pronounced at pH 9 and in
the presence of 20 ppm PEI. The surface tension values
obtained in this study is similar to that observed in nonio-
nic polymer=ionic surfactant mixtures.[2] Penfold et al.
investigated the effect of pH on the surface tension of
SDS=PEI mixtures. Results revealed that there is no shift
in CMC depending on solution pH in the absence of elec-
trolytes.[35] However, in the current study pH showed pro-
nounced effect on the surface properties of the SDS=PEI
mixtures. In Figure 10, the distinct minimums observed
in the surface tension values at all pH values may be attrib-
uted to the enhanced adsorption in these regions. On the
other hand, the lack of serious change in the CMC values
FIG. 10. Surface tension of SDS solutions in the presence of (a)
20 ppm PEI and (b) 100 ppm PEI at different pH values.
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at pH 9 and pH 7 suggest that interaction between the SDS
and PEI does not depend very much on pH at large PEI
concentrations.
Winnik et al.[37] reported that driving force for binding
of SDS to PEI is electrostatic interaction at low pH. On
the other hand adsorption at high pH is dominated by the
hydrophobic interactions. Penfold et al.[21] attributed the
weak dependence of the adsorption on pH for SDS=PEI
mixtures to the charge regulation effect and hydrophobic
effect at high pH.
3.2.2. Effect of Electrolytes on the SDS=PEI
Solution Mixtures
The addition of an electrolyte to an ionic surfactant causes
a decrease in electrostatic repulsion and facilitates micelle
formation and micelle growth. The magnitude of these
changes depends on the type and concentration of the elec-
trolyte.[38] Powale and Bhagwat reported that in aqueous
solution of dodecyl sulfates the CMC decreases in the order
of Liþ>Naþ>Csþ.[38] It is also known that the adsorption
of PEI on oppositely charged surfaces depends on the ionic
strength of the system.[21] Therefore, it is expected that both
interfacial and bulk properties of SDS=PEI mixtures would
be affected by the addition of electrolytes.
Figure 11 shows the surface tension values of the
SDS=PEI mixtures in the presence of 0.1M NaCl and
0.1M CaCl2. By the addition of electrolytes a decrease
was observed in surface tension values starting from low
SDS concentrations compared to what is observed in the
absence of electrolyte. This implies that the addition of
electrolyte has increased the surface activity of the
SDS=PEI complexes. Interfacial properties of solution
mixtures in the presence of both electrolytes showed similar
behavior. In the presence of CaCl2 surface tension values
were lower compared to the values of NaCl. For both cases
CMC was at 2 103M which is higher than the CMC of
the mixture in the absence of electrolytes. CMC of mixture
with the electrolytes is very close to the CMC of pure SDS
solution shown in Figure 8. A steep decrease was observed
in pH of the SDS=PEI solution mixture at 2 103M. In
the presence of NaCl the pH of the solution dropped to
3.88 at this concentration. During the measurements
precipitate formation was observed for SDS=PEI mixtures
starting from 8 104M SDS concentration in the
presence of CaCl2.
Since the interaction between the polyelectrolyte and
oppositely charged surfactant is mainly based on the elec-
trostatic interactions the addition of salt have a significant
influence on the complex formation between these species.
According to the previous studies on this subject, addition
of salt weakens the strength of complex formation which
means that critical surfactant concentration for the onset
of complex formation increases with increasing salt concen-
tration.[18,21,29] The addition of salt to a mixture of polymer
surfactant mixture can directly induce the complex forma-
tion. Additionally, excess salt can completely restrict the
complex formation. This effect can be explained based on
the reduction or complete screening of the electrostatic
attraction between SDS and PEI.[29]
4. CONCLUSIONS
Interactions between SDS and PEI were investigated in
this study in bulk solution and at air-solution interface.
Results showed that SDS=PEI=water system has unique
properties which are not commonly observed in other
anionic surfactant=cationic polyelectrolyte systems.
The turbidity measurements showed that SDS=PEI solu-
tion mixtures were transparent at low surfactant concentra-
tions. With increasing SDS concentration, precipitate
formation initiated then solutions became transparent
again in excess SDS. Solution pH dramatically affected
the complex formation and precipitation in bulk solution.
The structure of the precipitates formed during micellaza-
tion was also pH depended. Three-dimensional complexes
were obtained at high surfactant and PEI concentrations.
Additionally, significant change in interfacial properties
was observed depending on the solution pH. A shift
appeared in CMC values of SDS=PEI mixtures depending
on the PEI concentration and the solution pH. At low pH
values (pH 3) an increase was seen in surface tension values
of solution mixtures at all PEI concentrations.
Addition of NaCl and CaCl2 showed some influence on
the interfacial properties of the solution mixtures. A decrease
was observed in surface tension values which implies the
increase in surface activity. Additionally, CMC of the
solution mixture changed by the addition of electrolytes.
FIG. 11. Effect of NaCl (0.1M) and CaCl2 (0.1M) on the surface
tension of SDS=PEI mixtures as a function of surfactant concentration;
PEI (20 ppm), pH: 9.0–9.4.
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